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Detection of a unique human VxIV germline gene by a cloned cDNA probe
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ABSTRACT
We have cloned the cDNA encoding the KIV chain of a human antibody with
specificity against the major carbohydrate antigen of Streptococcus A.
The cDNA has been used as a genetic probe to estimate the number of
germline V K IV genes in human DNA. The presence of unique hybridizing
bands on digestion of human DNA with several restriction endonucleases
and the equivalence of the DNA in a band to a single gene per haploid
genome point to the conclusion that there is a unique human VKIV germline
gene. The corollary of this conclusion is that the diversity of human
VKIV chains must be exclusively due to somatic mutation. This is supported
by examination of the sequences of human KIV chain genes and their KIV
chain products. Fusion of the unique germline VKIV gene (1) with one
of several JK segments, followed by somatic mutations in the V region
of the rearranged KIV gene, can account for the known sequences. The
restricted germline gene repertoire may account for the small proportion
of human KIV chains in the human K chain sequence library (2).

INTRODUCTION

Human antibody K chains have been classified into four subgroups on the

basis of invariant amino acid sequences (3). Subgroup IV, which was

originally described on the basis of sequencing of a small group of

cryoglobulins (4), constitutes altogether only about 5% of the human

chains of known sequence (2). The poor representation of subgroup IV

chains can now be explained by the restricted germline gene repertoire.

We present here two lines of evidence that human KIV chains are encoded

by the products of somatic mutation of a unique VKIV germline gene. We

first present evidence from hybridization studies with a subgroup IV-

specific cDNA probe for the existence of a unique human germline VKIV

gene. We then consider the available DNA and protein sequence information

in view of the mechanisms of somatic mutation that are widely presumed
to occur in immunoglobulin genes.

Our estimation of the VKIV gene repertoire involved the cloning

of a VK IV cDNA encoding the light chain of an IgM(K ) antibody with
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specificity against the immunodominant group of the Streptococcus A

carbohydrate antigen, N-acetylglucosamine. The antibody is one of two

produced by the biclonal lymphoblastoid cell line B17X2, which was

established from human lymphocytes selected on the basis of affinity

for the Streptococcus A antigen (5,6). Messenger RNA was isolated from

B17X2 cells grown in tissue culture and a fraction enriched in K chain

mRNA was obtained by sucrose gradient centrifugation (7). The mRNA was

transcribed into cDNA and recombined with a plasmid vector. The DNA

was used to transform bacteria and colonies were screened using a human

K cDNA probe (8).

The total number of human VK genes may be calculated from the results

of two previous hybridization studies to be around 20-30 genes. The

genes corresponding to subgroups I, III and IV were estimated in one

study with VK I probes to be 15 to 20 in number (9). The genes

corresponding to the three individual subgroups were not resolved in

this study because the V K I gene probes contained sequences that

crosshybridize with VKIII and VKIV genes (9). In the study of subgroup

II, a subgroup-specific probe revealed the existence of about 10-15 more

human VK genes (10), bringing the total to 20-30. The collection of

cloned and sequenced human VK genes, excluding the obvious pseudogenes

(11,1), adds up to about the same number.

We have analyzed the gene family corresponding to subgroup IV using

a subgroup specific probe. Since the sequence encoding the third framework

region (FR3) is highly conserved and causes crosshybridization of VKI,

V KIII and VKIV(9), we made a probe lacking this sequence. This was

obtained by subcloning an appropriate restriction fragment from the cloned

B17 KIV chain cDNA. We have used the subgroup-specific probe in two

hybridization assays to determine the number of germline VKIV genes.

We first analyzed the restriction digests of human DNA by probing Southern

blots with the subgroup-specific probe. Each of the digests contained

a single hybridizing band. We next measured the absolute quantity of

the hybridizing sequence in a single band. This was done by densitometry

of the autoradiograph from a Southern blot containing a known amount

of nuclease digested total human DNA. A calibration curve of the density

vs. sequence concentration was constructed from analysis of a similar

band in parallel lanes containing varying known amounts of the cloned

gene sequence. This led to an estimate of 0.5 VKIV genes per haploid

genome in human DNA.
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The hybridization results eliminate the possibility that several

genes may contribute to the diversity of human VKIV chains. The corollary

of this conclusion is that the diversity of immunoglobulins in this

subgroup can be generated only by somatic processes. We argue that the

DNA and protein sequences differences within subgroup IV are within the

bounds of the currently accepted norms for the somatic diversification

of immunoglobulin genes.

METHODS

Cell Culture and Isolation of mRNA

B17X2 cells were grown as described by Polke et al (6). RNA was isolated

from cells by guanidine thiocycanate (7) and the mRNA was purified

by oligo-dT chromatography (7). The mRNA was fractionated by sucrose

gradient centrifugation and assayed by in vitro translation, followed

by immunoprecipitation and electrophoresis of the product (7).

cDNA Cloning

Double-stranded cDNA was prepared by the method of Land et al (12) with

the following modifications: (1) Monovalent cation and actinomycin D

were omitted from the oligo-dT primed first strand synthesis; (2) The

dC tailing reactions contained 100 mM HEPES, pH 7.0, instead of Tris

cacodylate; (3) the dCTP concentration was 0.05 mM in the cDNA tailing

reactions; (4) the double-stranded cDNA was fractionated on a Bio-gel

A1SOM agarose column (13).

The plasmid pAT153 (14) was prepared for recombination with the

cDNA by cleavage with Pst I and isolation of the linear DNA by

electrophoresis through agarose. The linear DNA was recovered from

agarose by electroelution and purified by DEAE cellulose chromatography

(15). The dG tails were added in a reaction mixture containing 2.5

jg pAT153, 100 mM HEPES, pH 7.0, 0.1mM dithiothreitoJ', 4 mM MgC12,

200pm dGTP, including 40 4Ci 3HdGTP (Amersham) and 5 units of te-tminal

transferase (PL Biochemicals). Vector and cDNA were annealed at an

estimated molar ratio of 1:1 in 200 mM NaCl, 10 mM Tris HC1, pH 8.0,

1 mM EDTA. The annealing mixture contained 10 ng dG-tailed pAT153 in

10 41, which was overlaid with paraffin oil, heated to 68°C in a large

water bath and allowed to cool over several hours.

Transformation of E. coli DH1 cells (16) was performed as described

(16). Transformants were picked onto nitrocellulose filters in ordered

arrays and grown up overnight on agar plates supplemented with 12.5
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pg/ml tetracycline. Colony hybridization was carried out as described

by Grunstein and Hogness (17). The DNA probe was labelled by nick-

translation (18).

DNA Sequencing

DNA sequencing was carried out according to Maxam and Gilbert (19) with

the following changes. Formic acid was used insteaI cf pyridinium formate

to modify A and G residues (20). DNA fragments were labelled at the

3'-ends by 32P dCTP or 32p GTP using T4 DNA polymerase (PL

Biochemicals)(21).

Hybridization Analysis

After digestion of human DNA with restriction endonucleases, the fragments

were separated by electrophoresis and transferred to nitrocellulose

paper (20), hybridized to probes labelled by nick-translation (18) at

low or high stringency (9), and analyzed by autoradiography and

densitometry using routine methods. For the gene titrations a V K IV

probe was made by self-ligating the subcloned fragment to produce

multimers approximately 3 kb in length. This probe gave a significantly

greater signal than the monomeric probe.

RESULTS

The screening of our B17X2 cDNA clone bank yielded two sets of clones,

corresponding to the K chains of the two antibodies produced by the

mixed cell line (5,6). The cDNA inserts were excised from the plasmid

vectors by digestion with Pst 1 and the sizes determined from their

mobility on gel electorphoresis compared to known molecular weight

markers. The longest cDNA inserts were further characterized by DNA

sequencing to reveal the identity of the encoded K chains. One of

the cDNA sequences of 900 base pairs encodes a chain of subgroup IV

and is designated pBl7KIV.

Fig. 1 shows the restriction map of pB17KIV and the DNA sequencing

strategy used to obtain the V region sequence in Fig. 2. The amino

acid sequence shown in Fig. 2 was deduced from the genetic code. This

sequence indicates that the chain encoded by pB17 KIV is a member of

subgroup IV. It is identical to that of the myeloma LEN (2) at 95 out

of 101 residues (See Fig. 7). We note the extended form of the first

complementarity determining region, which contains six amino acids more

than all but two of the sequenced myeloma chains, viz LEN (subgroup

IV) and CUM (subgroup II). The extra amin; acids, 27A-F, are between
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Figure 1. (a) Schematic diagram of a mRNA showing the variable (V),
joining (J) and constant (C) region coding sequences and the 5' and
3' untranslated sequences. (b) the pB17 IV cDNA restriction map and
DNA sequencing strategy. The cutting sites of the following restriction
endonucleases are indicated: P = Pst I, H = HinF I, K = Kpn I and S
= Sma I. The regions of the cDNA corresponding to the 5' untranslated
sequence of the mRNA (UT), and the coding sequences for the leader peptide
(L), the four framework regions (Fl, F2, F3 and F4) and three
complementarity determining regions (Cl, C2 and C3) are shown.
Crosshatching shows G:C tails introduced by the cloning method.

the positions usually designated 27 and 28(2). The cloned cDNA contains

the entire mature protein coding sequence, as well as that encoding

the 20 amino acid leader peptide, and 25 base pairs corresponding to

the 5' untranslated sequence of the mRNA. These features are included

in the map in Fig. 1. The VKIV sequence in pB17KIV is fused to JK1

without sequence alteration from the germline sequence (22).

To allow comparison with earlier work (9), we analyzed the digests

-20

M V L Q T Q V F I S L L L W
ACAACAGGCAGGCAGGGGCAGCAAGATGGTGTTGCAGACCCAGGTCTTCATTTCrCrGTTGC Tc TGG

-1 .1 20

I S G A Y G D I V M T Q S P D S L A V S L G E R A T
ATCTCTGGCGCCTACGGGGACATCGTGATGACCCAGTCTCCAGACTCCCTGGCTGTGTCTCTGGGCGAGAGGGCCACC

27 A B C D E F 28 30 40

I N C K S S Q S I L Y S S D N K N Y L A W Y Q Q K P
ATCAACTGCAAGTCCAGCCAGAGTATTTTATACAGCTCCGACAATAAGAACTACTTAGCTTGGTACCAGCAGAAACCA

50 60

Q P P K L L I Y WA S T R E S G V P D R F S G S G
GGACAGCCTCCTAAGTTGCTCATr rACTGCGCATCTACCCGGGAATCCGGGGTCCCTGACCGATTCAGTGGCAGCGGG

70 s0 90

S G T D F T L T I S S L Q A E D V A V Y Y C Q Q Y Y
TCTGGGACAGATTTCACTCTCACCATCAGCAGCCTGCAGGCTGAAGATGTGGCAGTTTATTACTGTCAACAATATTAT

100

N L P Wl T f G Q G T K V E I K R
MTTTACCGTGGACGTTCGGCCAAGGGACCAAGGTGGAAATCAAACGA

Figure 2. V region DNA sequence of the cDNA in pB17 IV and the amino
acid sequence of its translation product. The three complementarity
determining regions are overlined.
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Figure 3. Restriction Fragments in Human Myeloid Cell DNA that hybridize
to Human K Gene Probes at Low Stringency. DNA was digested to completion
with Bgl II (B), EcoR I (E), Hind III (H) and Xba I (X), subjected to
electrophoresis on an agarose gel, transferred to nitrocellulose and
hybridized to either of two labelled probes at low stringency:
autoradiograms corresponding to (left) the V 1 probe HK101/80(9) and
(right) the pBl7KIV probe. The positions of size markers obtained by
the digestion of PM2 and lambda phage DNA with Hind III are indicated.

of human DNA with a VKI probe, as well as with our cDNA probe and the

subgroup-specific probe derived from the cDNA. Human DNA was isolated

from the myeloid cell line K562 (23) and digested with four restriction

endonucleases, Bgl II, EcoR I, Hind III and Xba I. The results of the

analysis of these digests with the VKI and cDNA probes are shown in

Figs. 3 and 4. Under low stringency hybridization conditions (2 x SSC,

650C), both probes detect, at varying intensities, many common bands

in a complex pattern, as seen in Fig. 3. In addition, the cDNA probe

detects a constant region (CK) fragment in each digest, which appears
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Figure 4. Restriction Fragments in Human Myeloid Cell DNA that hybridize
to Human Gene Probes at High Stringency. The same blot as shown in
Fig. 3 after a high stringency wash.

to be about twice the intensity of the majority of the variable region

fragments. This fragment is identified by its absence from the patterns

obtained using either the VKI probe or the subgroup-specific VKIV probe,

which lacks the constant region sequence (See below). Under high

stringency hybridization conditions (0.1 x SSC, 65°C), our cDNA probe

detects, in addition to the C band, a single major V band and a small

number of very minor V bands in the BgI II, Hind III and Xba I digests,

as shown in Fig. 4. Two major V bands are seen in the EcoR I digests,

each having about half the intensity of the single bands seen in the

Bgl II, Hind III and Xba I digests. The simple. patterns obtained with

the cDNA probe differ from those obtained with the VKI probe in the

high stringency wash, which largely reproduces the more complex array
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Figure 5. Restriction Fragments in Human Myeloid Cell DNA that hybridize
to a Human IV Subgroup-Specific Probe at Low Stringency. A blot similar
to the ones shown in Figs. 3 and 4 was hybridized with the subgroup
specific probe described in the text.

of bands detected in the low stringency wash (Fig. 3).

A 156 base pair Hinf I fragment of pB17 KIV spanning codons 9-56

(Fig. la) was subcloned to provide a subgroup-specific probe. In contrast

to the full length cDNA probe, the subgroup-specific probe lacks FR3,

which is likely to crosshybridise to VKI and VcII], and also JK and

CK sequences. Only a single VKIV hybridizing band is seen in Bgl II,

Hind III and Xba I digests of K562 DNA using this probe under low

stringency washing conditions, as shown in Fig. 5. Two VrIV bands of

lower intensity are again seen in the digests of the K562 DNA with EcoR

I (cf. Fig.4). The digests of six other human DNA samples, however,

revealed only a single V band, corresponding to the larger band of

11 kb (results not shown) in the K562 digest. The 7 kb band in the K562
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Figure 6. Estimation of the Haploid Genome Content of V IV Genes. In
the upper panel lanes 2-4 show hybridization of the V IV specific probe
respectively to 20, 10 and 5 pg of human peripheral blood DNA digested
with Hind III. Lanes 5-9 contain cloned V IV standard, the 5.46 kb BamHI
fragment from pJYMV.IV in the following amounts: lane 5 = 68 pg, lane
6 = 34 pg, lane 7 = 17 pg, lane 8 = 8.5 pg and lane 9 = 4.25 pg. A
single copy gene equivalent in 10 pg human DNA is 16.8 pg using this
standard. Samples in lanes 5-9 were mixed with 10 pg herring sperm
DNA (Sigma) to control for variation in the transfer efficiency of a
given fragment with the total amount of DNA. Lane 11 contains 10 pg
herring sperm DNA and lane 12 contains 500 pg pJYM plus 10 pg herring
sperm DNA. Neithei of these components cause background hybridization.
The lower panel shows densitometric traces of the autoradiogram reproduced
above: the trace numbers refer to the gel lanes.
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FR I CDR 1 FR 2

1 5 10 1 5 20 25 30 35 40 45
IV-GL DIMVTQSPDSLAVSLGERATINCKSSQSVLYSSNNKNYLAWYQQKPGQPPK
B1 71V ----- .------------------- I----D-----------------
LEN --------.N-----------.---------S----------------
RK ------__*-______
L.TH ---L----*-------
TUR - S-------S------------.S-R------
JAH --------- T---
SCH --------AT---
JUV -L N-----N---
GAB ------ -* ---D--
DA-H -------------- P-DQ--VS-QA
DA-N ---LQ-----------DL--LS-QA-- ---

CDR 2 FR 3 CDR 3

50 55 60 65 70 75 80 85 90 95
1V-GL LL LYWASTRESGVPDRFSGSGSGTDFTLT1SSLQAEDVAVYYCQQYYSTP
B171V-----------------------------------------------7NL-
LEN --------------------------------------------------

Figure 7. Comparison of Human IV Chain Amino Acid Sequences. The
germline V IV DNA sequence (1) is translated to give the unmutated IV
chain sequence (GL). Below for comparison are the translation product
of pB17 IV (B171V) and the sequences of human IV chains compiled in
Ref. 2. Only the amino acid differen,es from the germline product are
indicated. Asterisks denote possible similarity to the deduced germline
sequence at positions where the acid or amide forms of glutamic or
aspartic acid are not known. The framework regions (FR 1-3) and
complementarity determining regions (CDR 1-3) are indicated.

digest may therefore represent a rare EcoR I polymorphism. The V bands

detected by the subgroup-specific probe are identical to those identified

by the cDNA probe (Fig. 4), but the results seen more clearly because

the minor crosshybridizing V bands and the C bands have been eliminated.

To estimate the number of genes represented by the single VKIV

hybridizing bands in the restriction digests of genomic DNA, we measured

the intensity of the signal relative to the intensities produced by

known amounts of the sequence in cloned DNA. Since the 5 kb Hind III

fragments (Fig. 5, Lane H) is in the size range for efficient transfer

to nitrocellulose, we arranged for the cloned VKIV titration standards

to be of similar size. Accordingly, the 156 bp HinFI fragment shown

in Fig. 1 was sub-cloned into the largest NcoI fragment of pJYM (24) to

generate pJYMV KIV. On BamH I digestion this recombinant yielded a 5.46

kb fragment containing the V K IV sequence, which was gel purified and

used for calibration. Assuming the haploid human genome to contain

2.9 x 109 bp (25), 16.8 pg represents a single copy gene equivalent

per 10 pg of human DNA. Standards representing from 0.25 to 4 genes
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per 10 pg were subjected to electrophoresis alongside 5, 10 and 20 jig
of peripheral blood DNA, digested with Hind III. The band intensities

obtained on hybridization with the subgroup specific probe at low

stringency were analyzed by densitometry as shown in Fig. 6. This

titration reveals that there are 0.5 VKIV genes per haploid genome in

the DNA sample. The closest integral number of genes is one. The weak

signal of the VKIV band as compared with the unique C band in Figs.

4 and 6 may imply that the imperfect sequence identity between the

expressed gene probe (owing to somatic mutations: see below) and the

parent germline gene results in decreased stability of the hybrids.

In Fig. 7 we compare the translated VKIV sequence of pB17KIV and

the known V region sequences of human K chains, cbtained by amino acid

sequencing, with the translated sequence of the germline VKIV gene (1).

With the exceptions of the myelomas DA-N and DA-H, only a small number

of amino acid substitutions are observed.

DISCUSSION

Our results, together with those of Klobeck et al in the accompanying

paper (1), strongly point to the existence of a unique human VKIV gene.

Our results are based upon the enumeration of fragments in the digests

of human DNA with four restriction endonucleases and the determination

of the quantity of hybridizing DNA in the case of the unique Hind III

fragment using a KIV, subgroup-specific cloned cDNA probe. The conclusion

of Klobeck et al is likewise based upon the enumeration of restriction

fragments using, however, a subgroup-specific cloned genomic DNA probe.

The differently derived VKIV probes gave consistent results in the Eco

RI and Hind III digestions, common to both studies, revealing fragments

of 11 kb and 5 kb, respectively. Our gene titration data add confidence

to the conclusion based upon the restriction patterns: as pointed out

by Klobeck et al (1), the duplication of an extensive length of human

DNA, containing the majority of V genes (11), might lead to the occurrence

of pairs of restriction fragments having the same electrophoretic mobility.

However, VKIV does not appear to be present at the duplicated locus (11),

and the titration here reveals that there is only one gene per haploid

genome. The existence of a single VKIV gene simplifies the interpretation

of sequence data in terms of the operation of different somatic processes

in the generation of diversity.

One such process occurs when the V gene recombines with one of four
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JK segments to form a functional K chain gene (26). The identity of

the JK segments coding for the 3' region of the B17KIV chain can be deduced

from the DNA sequence (Fig. lb); it is JK1, and codon 95 is composed

of two residues from the VKIV segment and one 5' to the JK1 segment.

We note that JK4 has been selected in the Jl lymphoma (1) and JK2 in

the myeloma LEN (Ref.2, See below). Thus VKIV can recombine with at

least three of the four JK segments (22). Four base substitutions in

the germline VK IV segment near the junction with JK1 are observed in

codons 92 and 93 of pB17KIV. A similar clustering of mutations in codons

92, 93 and 94 is seen in the rearranged VK IV gene isolated from the

lymphoma Jl (1). This clustering of mutations around the point of

recombinations between VKIV and JK1 raises the possibility that all are

associated with the joining event, rather than occuring subsequently

in the maturation of the immune response (27). Observation in

immunoglobulin genes of joining associated mutations has led to models

involving deletion (28) and insertion (29) of DNA.

Point mutations have occurred upstream of the joining region in

the expressed VKIV gene sequence in the B17 lymphoblastoid cell line,

as judged by the cDNA sequence. These occur at -4 in the leader peptide

(a silent mutation from GGT to GGC), in CDR1 at codon 27B (changing the

Ser codon, AGT, to a Val codon, AGC) and at codon 28 (changing the Asn

codon, AAC, to an Asp codon, GAC), and at codon 50 in CDR 2 (a silent

mutation of TGG to TGC). The clustered mutations in CDR3, which may

have a different origin, as mentioned above, result in a change from

AGTACT to AATTTA (codons 92 and 93) and substitution of Asn-Leu for Ser-

Thr. These changes account for the four substitutions in the B17 KIV

chain relative to the putative germline counterpart (1). The non-silent

mutations are all in CDR regions, two in CDR 1 and two in CDR 3, and

may be related to the generation of an antibody K chain with the anti-

Streptococcus A specificity. In the lymphoma Jl K IV chain gene, the

only mutation outside CDR 3 is a silent mutation at codon 46 in FR2 (1).

The amino acid changes from the translated germline gene sequence

in the majority of sequenced VKIV chains (Fig. 7) can be accounted for

by a small minimum number (between one and four) base substitutions in

the germline V KIV gene. The myeloma amino terminal sequences for DA-

N and DA-H may represent exceptions, to account for 8 out of 32 amino

acid substitutions. There are two alternative explanations for the extent

of divergence of the DA-N and DA-H sequences from the other KIV sequences.
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They may be derived from a different germline gene or, may represent

extreme somatic variants of the VKIV gene. Since it has been shown here

and in the accompanying paper (1) that there is only a single VKIV gene,

we favor the latter interpretation. Similar extents of somatic mutation

have previously been observed (30).

In summary, we conclude that human VKIV chains are represented by

a unique gene that is diversified exclusively by somatic processes. The

proportion (0.05) of human KIV chains in the compilation of sequenced

human K chains (in Ref. 2) is about the same as the proportion (0.05)

of VKIV genes in the total VK gene repertoire (9,10). The restricted

gene population may therefore account for the restricted abundance of

its products.
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